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Abstract The transport of low-energy electrons through the coating of a radiosensitizing metallic nanopar-
ticle under fast ion irradiation is analyzed theoretically and numerically. As a case study, we consider a
poly(ethylene glycol)-coated gold nanoparticle of diameter 1.6 nm excited by a carbon ion in the Bragg
peak region in water as well as by more energetic carbon ions. The diffusion equation for low-energy elec-
trons emitted from a finite-size spherical source representing the surface of the metal core is solved to
obtain the electron number density as a function of radial distance and time. Information on the atomistic
structure and composition of the coating is obtained from molecular dynamics simulations performed with
the MBN Explorer software package. Two mechanisms of low-energy electron production by the metallic
core are considered: the relaxation of plasmon excitations and collective excitations of valence d electrons
in individual atoms of gold. Diffusion coefficients and characteristic lifetimes of electrons propagating in
gold, water, and poly(ethylene glycol) are obtained from relativistic partial wave analysis and the dielectric
formalism, respectively. On this basis, the number of electrons released through the organic coating into
the surrounding aqueous medium and the number of hydroxyl radicals produced are evaluated. The largest
increase of the radical yield due to low-energy electrons is observed when the nanoparticle is excited by
an ion with energy significantly exceeding that in the Bragg peak region. It is also shown that the water
content of the coating, especially near the surface of the metal core, is crucial for the production of hydroxyl
radicals.
1 Introduction
Metal nanoparticles (NPs) made of gold, platinum as well
as other metals like gadolinium or silver have been exam-
ined as novel agents for more efficient treatment of tu-
mors with ionizing radiation [1–4]. These NPs have at-
tracted increasing interest because of their capacity to en-
hance the biological damage induced by energetic photon
and ion-beam irradiation. Exposed to radiation such NPs
can act as radiosensitizers [5–8], i.e. they interact with
radiation and produce a large number of secondary elec-
trons, which may locally enhance damage of tumor cells
relative to surrounding tissue. The radiosensitizing poten-
tial of gold, platinum and gadolinium-containing NPs was
demonstrated in experiments with plasmid DNA molecules
[8–11] where an increased amount of single and double
strand breaks was observed under photon, electron and
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ion irradiation. Several in vitro experiments with living
cells irradiated with photons and ions also provided evi-
dence of enhancement of radiation-induced effects in the
presence of metal NPs [12, 13].
It is now accepted that the main pathway of biologi-
cal damage induced by ionizing radiation is mediated by
secondary electrons and free radicals [14–17] and the ra-
diosensitization by metallic NPs is therefore commonly
related to enhanced emission of secondary electrons [10]
which activate hydrolysis of the surrounding water medium
and facilitate radical production [18]. In particular, low-
energy electrons (LEEs) with energies up to several tens
of eV are recognized as essential agents of biodamage by
ion beams [14–16] and, as such, the focus of this work is
centered on them.
Nanoparticles in biomedical applications are usually
synthesized with an organic coating to improve stability
under physiological conditions, reduce toxicity and tar-
get specific biological sites. These biological aspects are
a subject of intense research with numerous experiments
being performed both in vitro and in vivo [3, 4, 19]. Apart
from the choice of a coating, a variation in electronic and
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magnetic properties of metallic NPs may be important for
biomedical applications [20]. For instance, magnetic NPs
can be used for magnetic resonance imaging applications
or can be delivered to the tumor region being guided by
a magnetic field [21].
In general, a vast number of parameters can be varied
to optimize the radiosensitizing properties of NPs (e.g.,
the size, shape and composition of a metal core; thickness,
composition and density of the coating) which makes it a
formidable task to systematically explore each of them ex-
perimentally. As a consequence computational modeling is
often utilized to evaluate the potential of a given system
and to shed light on the molecular-level mechanisms un-
derlying radiosensitization by NPs before experiments are
carried out.
Transport of electrons and free radicals in the vicinity
of metal NPs is frequently explored by means of Monte
Carlo simulations [22–25]. According to the outcomes of
these simulations metal NPs irradiated with energetic pho-
ton beams emit a large number of secondary electrons via
the Auger mechanism. However, Auger cascades are less
relevant for ion beams due to much lower probabilities of
ions to ionize inner shells of atoms in the target [26]. In
this work we consider irradiation with ions in the Bragg
peak region in water (energy of 0.3 MeV/u) as well as out-
side the Bragg peak region (energies from 1 to 10 MeV/u).
For most of these energies the electron emission channel
associated with ionization of inner shells in the atoms of
metals (e.g., gold) and subsequent emission of Auger elec-
trons is suppressed, both due to the small cross sections
for ionization of inner shells and to the limits imposed by
the kinematic limit, with the maximum possible energy
transfer often being smaller than the ionization thresh-
olds of inner shells. Therefore, in this work we focus our
analysis on other important channels of electron emission
from outer electronic shells, which are associated with col-
lective electronic excitations in a metallic target.
The majority of Monte Carlo simulations conducted so
far have considered “naked” metal NPs (without coating).
However earlier experimental studies have indicated that a
coating may affect the biodamage induced by NPs exposed
to radiation [10, 27]. Therefore, the impact of a coating
layer on the production of secondary electrons and free
radicals is an important scientific question which should
be addressed in simulations before the potential of NPs as
radiosensitizing agents can be accurately estimated.
The aforementioned problem is complex because of
the actual system sizes, molecular interactions, radiation
dynamics and their links to biological effects. A realis-
tic approach to tackle such a complex problem should
involve the theoretical descriptions of the key phenom-
ena and elaborate their major interlinks within a unifying
framework. Such an approach has been developed dur-
ing the past decade for the description of the molecular-
level mechanisms of biological damage induced by ion-
beam irradiation. The most recent review of these studies
is given in reference [14]. These studies emphasized the
cross-disciplinary nature of the problem and led to the
formulation of the multiscale approach to the physics of
radiation damage with ions (see Refs. [14, 15] and refer-
ences therein). One of the important achievements of this
approach concerns the possibility to predict survival prob-
abilities for living cells irradiated with ions [28] through
a quantitative description of the key physical, chemical,
and biological phenomena which occur over different time,
space and energy scales. As such, the multiscale approach
explicitly includes ionization of the medium by ion pro-
jectiles, formation and transport of secondary particles,
chemical interactions, thermomechanical pathways of bio-
damage, and heuristic biological criteria for cell survival
[15].
In this paper, we present a novel theoretical and com-
putational approach to analyze electron emission from
coated metallic NPs irradiated with ions. The method-
ology developed is general and can be applied for NP
of different size and coating thickness as well as for any
combination of metallic core and organic coating. As an
illustrative case study we consider a gold NP of diam-
eter 1.6 nm coated with poly(ethylene glycol) (denoted
Au@PEG) – one of the most commonly used coating ma-
terials. We consider a coating composed of PEG molecules
of five sub-units. Structure of such NP was explored re-
cently by means of molecular dynamics (MD) simulations
[29]. We evaluate the number of electrons that penetrate
through the coating after their emission from the metallic
core induced by a passing C6+ ion of 0.3 MeV/u energy.
Carbon ions are currently used in ion-beam cancer ther-
apy, one of the most promising radiotherapies currently
available [14]. The energy of 0.3 MeV/u corresponds to the
Bragg peak region of the ion’s trajectory in water, which
is the region of maximal energy deposition. This analysis
is also extended towards higher ion energies outside the
Bragg peak region, namely from 1 to 10 MeV/u.
Two mechanisms of LEE production by the metallic
core are considered; the first is associated with a plasmon
excitation and the second with a collective excitation of
valence d electrons in individual atoms of gold. As demon-
strated in Refs. [30, 31], these two mechanisms play a sig-
nificant role in the enhanced LEE emission from “naked”
metallic NPs irradiated with ions. The yield of electrons
with the energy of about 1 − 10 eV is strongly increased
due to the decay of plasmon-type collective excitations
that involve valence electrons delocalized over the whole
NP. In particular a significant contribution to the LEE
yield due to plasmon excitations comes from the surface
plasmon; for a few-eV electrons emitted from small (of
1 nm diameter) NPs, its contribution to the ionization
cross section is about an order of magnitude higher than
that of the volume plasmon [30]. For higher electron en-
ergies (of a few tens of eV) the main contribution to the
electron yield arises from the atomic giant resonance asso-
ciated with the collective excitation of valence d-electrons
in individual atoms of a NP.
The dipole and higher multipole excitation modes can
contribute to the LEE production by the plasmon-type
excitations [32, 33]. The dipole mode is excited when the
characteristic impact parameter significantly exceeds the
K. Haume et al.: Transport of secondary electrons through coating of ion-irradiated metallic nanoparticles 3
Fig. 1. We consider an Au@PEG NP in water excited by a
passing ion and apply the following workflow. As a result of ion
irradiation (1), Ne electrons are emitted from the metal core
due to plasmons and collective electron excitations in individ-
ual atoms of gold. After simulating the structure of the coated
NP by means of molecular dynamics (2), the interaction mecha-
nisms between electrons and coating (diffusion coefficients and
average lifetimes) are quantified by calculating elastic and in-
elastic scattering mean free paths (3). These numbers are used
to obtain the number density of electrons passing through the
coating (4) by solving the diffusion equation.
radius of the core, vion/∆ε≫ R1 [32, 33]. Here vion is the
projectile velocity and ∆ε is a characteristic energy trans-
ferred during the collision (∆ε ≈ 5 eV for a plasmon-type
excitation in a gold NP). For the ion’s energy of 0.3 MeV/u
this characteristic impact parameter is about 0.9 nm, and
the radius of the metallic core which we consider as a
case study is R = 0.8 nm. In this case, vion/∆ε & R and
the dipole, quadrupole and octupole plasmon excitation
modes contribute to the LEE production.
The dipole mode of collective 5d-electron excitations
in individual atoms of a gold NP will be excited in the
atoms that are confined within a cylinder with radius
r . vion/∆ε from the ion’s path, where ∆ε ≈ 25 eV [30].
An estimate for a 0.3 MeV/u-ion gives r ≤ 0.25 nm which
means that the excitations of 5d electrons are formed in
the atoms positioned no further than 0.25 nm from the
ion’s path. This distance is smaller than the lattice con-
stant of bulk gold, suggesting that only a few atoms po-
sitioned in close proximity to the ion’s track will be ex-
cited via this mechanism. However, as shown in this paper,
this mechanism contributes significantly to LEE emission
when the energy of a projectile ion is considerably larger
than that in the Bragg peak region in water and corre-
sponds to the entrance segment of ion’s trajectory.
The general workflow applied in this paper is schemati-
cally shown in Fig. 1. A diffusion equation-based approach
[34] is used to describe the transport of electrons emitted
from the NP core through the coating. The number of
electrons emitted from the metal core due to collective
1 Here and in Section 2.4 we use mainly the atomic system
of units, me = |e| = ~ = 1, unless otherwise indicated.
electron excitations as a result of ion irradiation is evalu-
ated by means of the formalism described in Refs. [30, 31].
Information on the NP core and the coating structure is
obtained from MD simulations [29]. The inelastic scatter-
ing cross sections between electrons and the coating/water
compound material are evaluated by means of the dielec-
tric formalism [35–38] while elastic scattering is treated
within relativistic partial-wave analysis [39, 40].
We demonstrate that the majority of emitted electrons
undergo an inelastic collision before escaping the coating.
From MD simulations of the water content in the coat-
ing layer, the probability of an electron targeting a water
molecule is extracted and the OH radical yield from in-
elastic collisions of the electrons with water molecules is
quantified. It is shown that the number of hydroxyl rad-
icals produced in the vicinity of Au@PEG NP is about
2 − 7 times smaller (depending on the projectile ion en-
ergy and the coating mass density) than that in the vicin-
ity of a “naked” gold NP. This observation is in agreement
with earlier experimental results [27], suggesting that ra-
diosensitization efficiency of metallic NPs is affected by
the thickness and water content of the coating. Lastly,
we demonstrate that the production of OH radicals is en-
hanced by an order of magnitude when the NP is irradi-
ated by 5 − 10 MeV/u C6+ ions as compared to the case
of 0.3 MeV/u irradiation.
The paper is outlined as follows. In Section 2 we present
the general methodology of this work. This is followed by a
discussion of the results in Section 3. Finally, the findings
of this study are summarized in Section 4. In Appendix A,
we present a complete derivation of the diffusion equation
accounting for the geometry and the initial conditions rel-
evant for this work. In Appendix B, the methodology for
calculating interaction cross sections and mean free paths
is described in greater detail.
2 Methodology
2.1 Solution of the diffusion equation
In Ref. [34] the transport of LEEs and reactive species
(free radicals and solvated electrons) brought about by
ions traversing liquid water in the vicinity of the Bragg
peak was studied by means of the diffusion model. The
production of energetic δ-electrons is suppressed in the
Bragg peak region [41] and the diffusion approach is there-
fore suitable for describing the transport of the product
electrons which will be of low energy. The reliability of
the diffusion equation-based approach for modeling the
LEE transport in liquid water was examined through the
comparison with track-structure Monte Carlo simulations
and a good agreement between the two approaches was
reported (see Refs. [14, 15] and references therein). The
use of the diffusion model relies on the assumption that
the angular dependence of elastic and inelastic scatter-
ing cross sections, which govern interactions of LEEs with
molecules of the medium, is rather weak. Therefore, these
processes can be considered as isotropic to a first approx-
imation.
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In this work we consider a metal core of a Au@PEG
NP irradiated by an ion as a source of electron emission.
The diffusion model is utilized to study the transport of
LEEs emitted from a spherically symmetric core of radius
R through the coating. Let us consider that Ne electrons
are emitted from the surface at the time instance t – we
refer to these electrons as first-generation electrons. The
passage of a 0.3−10MeV/u projectile along the NP can be
considered as a fast process (the ion velocity vion > 1 a.u.).
Therefore, one can refer to this instance as a moment when
the secondary electrons are emitted from the surface of the
metallic core and their post-collision, relatively slow dif-
fusion process begins. Thus, this instance corresponds to
t = 0 in the considered diffusion process. We apply the
developed model for a particular case study of a NP with
the core diameter of 1.6 nm taken from MD simulations
(see Sect. 2.2). This size is comparable to the mean free
path of electrons emitted due to collective 5d-electron ex-
citations. It is therefore meaningful to assume, in the first
approximation, that all electrons are ejected from the sur-
face of the metal core. A more rigorous analysis of electron
emission from the bulk region of the core can also be per-
formed but this task goes beyond the scope of this work.
It is assumed that the emitted electrons can propagate
in any direction i.e. through the coating as well as inside
the core. The three-dimensional diffusion of electrons is
then described by the following equation:
∂n1(r, t)
∂t
= D1∇2n1(r, t)− n1(r, t)
τ1
, (1)
where n1(r, t) is the number density of first-generation
electrons at point r and time instance t. The diffusion co-
efficientD1 is related to the electrons’ velocity v1 and their
elastic scattering mean free path (MFP) in the medium
λ1,el as D1 = v1λ1,el/6. The second term on the r.h.s. of
Eq. (1) accounts for attenuation of electrons experiencing
inelastic collisions. The characteristic lifetime of the first-
generation electrons is given by the constant τ1 which is
related to the inelastic MFP λ1,inel as τ1 = λ1,inel/v1. Tak-
ing into account the spherical symmetry of the problem
and the different values of D1 and τ1 in the “inner” region
(the metallic core, 0 < r < R) and in the “outer” region
(coating and the surrounding medium, r ≥ R), Eq. (1)
transforms into
∂n1(r, t)
∂t
=


D1,i
1
r2
∂
∂r
(
r2
∂n1(r, t)
∂r
)
− n1(r, t)
τ1,i
, 0 < r < R
D1,o
1
r2
∂
∂r
(
r2
∂n1(r, t)
∂r
)
− n1(r, t)
τ1,o
, r ≥ R .
(2)
The solution of Eq. (2) should satisfy the following
initial and boundary conditions: (i) all the electrons are
emitted simultaneously at the initial time (t = 0) and
from the surface with the radius R,
n1(r 6= R, 0) = 0,
∫ ∞
0
n1(r, 0) 4πr
2dr = Ne , (3)
and (ii) the number density of electrons is equal to zero
at large distances from the source,
n1(r →∞, t)→ 0 , (4)
see Appendix A for more details.
An Au@PEG NP embedded in water is an inhomoge-
neous system where electron transport through the metal
core and through the coating medium is characterized by
different values of D and τ . In the general case the an-
alytic solution of the diffusion equation given by Eq. (2)
is not possible. However, it is feasible for a homogeneous
problem where the two aforementioned regions are char-
acterized by the same values of diffusion coefficient Di =
Do ≡ D and electron lifetime τi = τo ≡ τ . The analytic
solution reads as
n1(r, t) =
Ne
8πRr
√
πD1t
exp
(
− t
τ1
)
×
[
exp
(
− (r −R)
2
4D1t
)
− exp
(
− (r +R)
2
4D1t
)]
. (5)
Details of the derivation procedure are described in Ap-
pendix A.1.
The general solution of Eq. (2), accounting for the dif-
ferent values of D1 and τ1 in the inner and outer regions,
was found numerically. More details of this numerical pro-
cedure are presented in Appendix A.2.
In a similar way one can account for the second gen-
eration of electrons [34] which are produced as a result of
ionization of the medium by electrons emitted from the
NP core (the first generation). If the energy of the lat-
ter exceeds the ionization potential of a PEG or a water
molecule, ionization events may take place resulting in the
decay of the first-generation electrons and the production
of two second-generation electrons.
The general diffusion equation for the second genera-
tion of electrons is given by
∂n2(r, t)
∂t
= D2
1
r2
∂
∂r
(
r2
∂n2(r, t)
∂r
)
− n2(r, t)
τ2
+ 2
n1,E>Ip(r, t)
τ1
. (6)
where the subscripts “1” and “2” refer to electrons of
the first and second generation, respectively. The positive
term 2n1,E>Ip(r, t)/τ1 is a consequence of the fact that
each electron from the first generation whose energy E
exceeds ionization potential Ip of a water/PEG molecule
and which undergoes an inelastic collision at a rate given
by the average lifetime τ1 is transformed into two second-
generation electrons.
The number density n2(r, t) can be calculated using
the Green’s function formalism:
n2(r, t) = 2
∫
G2(r− r′, t− t′)
n1,E>Ip(r
′, t)
τ1
dr′dt (7)
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where G2(r − r′, t − t′) is the three-dimensional Green’s
function which reads as
G2(r − r′, t− t′) =
(
1
4πD2(t− t′)
)3/2
× exp
(
− (r− r
′)2
4D2(t− t′) −
t− t′
τ2
)
(8)
After rewriting (r − r′)2 = r2 + r′2 − 2rr′ cos θ due
to the spherical symmetry of the problem and evaluating
analytically the angular components of the integral, the
number density of electrons created outside the metal core,
n2,o(r, t), is written as
n2,o(r, t) =
4
τ1,or
∫ ∞
R
dr′
∫ t
0
dt′
(
1
4πD2,o(t− t′)
)1/2
× exp
(
− r
2 + r′2
4D2,o(t− t′) −
t− t′
τ2,o
)
× n1,o,E>Ip(r′, t′) r′ sinh
(
2rr′
4D2,o(t− t′)
)
, (9)
where the integrals over dr′ and dt′ should be done nu-
merically.
Using this methodology we neglect the contribution
of the second-generation electrons that have been formed
within the metal core and propagated to the coating re-
gion from the inside. To accurately capture this non-local
effect, one must derive a Green’s function which takes into
account the propagation of electrons in both the inside and
the outside regions simultaneously. This is a rather com-
plex mathematical task that goes beyond the scope of the
work presented here. The accuracy of the overall calcula-
tion of the total number density of emitted electrons and
the production of radicals should not be impaired by this
approximation.
Knowing the number densities n1(r, t) and n2(r, t),
one obtains the flux of electrons Φ(r, t), that is the num-
ber of particles propagating through a unit area per unit
time. It can be found from Fick’s first law of diffusion,
Φ(r, t) = −D∂n(r, t)/∂r. The fluence of electrons is cal-
culated as the integral of the flux over the entire time after
the emission. Integrating the fluence over the surface of a
sphere of radius r, the number of electrons passing through
the coating at a given distance r is given by:
F (r) =
∫ ∞
0
4πr2 Φ(r, t) dt . (10)
2.2 Molecular dynamics of NP and PEG structure
The main ingredient for calculating the elastic and in-
elastic scattering MFPs, which determine D and τ , is the
density distribution of atoms in the coating. This was cal-
culated with molecular dynamics (MD) simulations using
the MBN Explorer software package [42–44]. The detailed
procedure is described in Ref. [29]; a brief summary is
given below.
Table 1. The average chemical formula, mean density 〈ρ〉,
and mean atomic number of the coating 〈Zt〉 versus number of
attached PEG molecules NPEG for the two coatings considered.
NPEG Chemical formula 〈ρ〉 (g/cm
3) 〈Zt〉
32 C18.2H146.4O61.2N1.4S1.0 0.99 3.38
60 C16.9H107.3O42.4N1.4S1.0 1.08 3.39
The metal core of the NP comprised 135 gold atoms,
corresponding to a diameter of approximately 1.6 nm. The
core was coated with either 32 or 60 PEG molecules (5
ethylene glycol sub-units) altered such that they had a
thiol group (used for bonding to the gold surface) on one
end and an amino group on the other end. The resulting
structures of Au@PEG32 and Au@PEG60 NPs are shown
in the upper panel of Fig. 2. Each system was solvated ex-
plicitly in water at atmospheric pressure and equilibrated
at 310 K.
The thickness of the coating was defined as lcoat =
r97%−〈rS〉, where 〈rS〉 is the average distance of the sulfur
atoms to the center of mass (CM) of the system and r97%
the distance from the CM inside which 97% of the PEG
atoms could be found. Both 〈rS〉 and r97% were taken after
averaging over a number of frames of the MD simulation
(see Ref. [29] for details). The coating thickness lcoat for
NPEG = 32 and 60 (NPEG is the number of PEGmolecules
attached to the metal core) was approximately 1.4 nm in
both cases.
The density distribution of the coating was calculated
by counting the number of atoms of each element in con-
centric shells of thickness 1 A˚ around the CM and finding
the corresponding mass density. The density distributions
for the coatings composed of 32 and 60 PEG molecules
are shown in the lower panel of Fig. 2. For both coatings,
the total density is around 1.0 g/cm3 except for fluctu-
ations close to the NP boundary. These arise due to the
fact that the NP core after annealing deviates from the
perfect spherical symmetry, meaning that not all sulfur
atoms are captured in the same shell when calculating the
density. As the PEG density decreases, the water content
increases correspondingly. This difference in number of at-
tached PEG molecules then results in a difference in the
degree of water penetration into the PEG coating. In the
PEG 60 coating, the amount of water is thus significantly
less than in the PEG 32 coating.
From the coating thickness and the density distribu-
tion analysis the average chemical composition, average
density 〈ρ〉, and mean atomic number 〈Zt〉 of the coating
were determined, see Table 1. These values were used to
calculate the MFPs as described in Section 2.3. The data
collected in Table 1 reveals that the main difference be-
tween the two coating media, relevant to the calculation of
MFPs, is the resulting mean density which is about 10%
higher for NPEG = 60 due to the slightly higher density
of PEG compared to water.
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Fig. 2. Illustrations of the 1.6 nm AuNP coated with (a) 32 and (b) 60 PEG molecules, obtained from MD simulations. The
lower panels show the corresponding mass density ρ of the combined elements of the PEG coating, the water content of the
coating and their sum versus distance from the boundary of the NP core for (c) 32 and (d) 60 PEG molecules attached. The
extent of the coating (vertical lines) and the resulting thickness lcoat are indicated as defined in the text.
2.3 Interaction mean free paths of electrons
As discussed above the diffusion coefficient of electrons,D,
is related to the MFP of elastic scattering, λel, while the
average electron lifetime τ is determined by the inelastic
MFP λinel. Therefore both elastic and inelastic scattering
cross sections (CSs) for the electron collision with gold,
PEG and liquid water have to be known to solve the dif-
fusion equation (2). The calculation of a reliable set of
CSs for a wide energy range, including very low-energy
electrons, is a complex task [45–48] which should include
advanced ab initio approaches and is beyond the scope of
this work. Instead we aim here to obtain reasonable esti-
mates for CSs and MFPs for the three materials and to
emphasize the relative differences between them.
2.3.1 Inelastic scattering mean free paths
In this work we consider electronic excitations and ioniza-
tions as the main contributor to energy loss of LEEs and
complement it with an estimate for the CSs of vibrational
excitation of the water and coating molecules, which is
important for electrons of low energy [49, 50].
Electronic interaction CSs for condensed phase mate-
rials are calculated within the dielectric formalism [35–
37, 51, 52]. This approach is based on the first Born ap-
proximation from the quantum point of view, or on the
linear response of the electron density to the external
electric field (i.e., polarization) from the classical point
of view. Being a first order approximation it is applica-
ble for fast electrons having energies larger than about
300 eV. At lower energies, exchange corrections due to
the non-distinguishability of the primary and the emitted
electrons are accounted for to increase the accuracy of the
method [53–55].
The main ingredient of the dielectric formalism is the
energy-loss function (ELF) of the material, Im[−1/ǫ(∆ε, q)],
where ǫ(∆ε, q) is the complex dielectric function with ∆ε
and q being the energy and momentum transferred in the
electronic excitation respectively. It represents the elec-
tronic excitation spectrum of the condensed phase ma-
terial. The ELF is usually obtained from experimental
data in the optical limit (q = 0) and then suitable disper-
sion algorithms are used to extrapolate the ELF over the
whole energy and momentum plane [56]. Once the com-
plete ELF is known the dielectric formalism allows the
energy loss quantities of charged particles in condensed
matter to be calculated [37] including the electron pro-
duction CSs [38, 57].
It is difficult to find experimental information on the
ELF of a specific coating considering the wide variety of
possible compositions and the fact that the coating is par-
K. Haume et al.: Transport of secondary electrons through coating of ion-irradiated metallic nanoparticles 7
0
0.2
0.4
0.6
0.8
1
1.2
0 10 20 30 40 50
E
L
F
(q
=
0
)
∆ε (eV)
Gold
Water
PEG 32
PEG 60
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for gold from its optical properties [60].
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Fig. 4. Inelastic scattering mean free path λinel of electrons in
gold, liquid water and two PEG coatings. Lines represent the
data compiled from calculations within the dielectric formalism
(for high energies) and experimental data (for low energies) as
explained in the text. Symbols are experimental data for ice
[61] and gold [62–65].
tially mixed with water, which changes its density and
overall composition. Fortunately, the optical ELF of all or-
ganic materials is quite similar with an intense excitation
peak around 20 eV. This has allowed the optical ELF of
organic materials to be parameterized [58] and predicted
by just knowing the atomic composition and average den-
sity of the material.
We have used this parametric approach to predict the
optical ELF of the two PEG coatings, whose density and
composition were obtained from the MD simulations (see
Table 1). These ELFs together with the data for liquid
water [59] and gold [60] are shown in Fig. 3. The similar-
ity between the PEG 32 and PEG 60 coatings is apparent
with the slight difference being a result of a difference in
density of about 10%. Note also that the ELFs of the coat-
ings are qualitatively similar to that of liquid water, while
the ELF of gold has a distinct behavior. The optical ELFs
of these materials were extended for finite values of q, fol-
lowing Garcia-Molina, Abril et al., by means of the MELF-
GOS (Mermin-Energy-Loss Function – Generalized Oscil-
lator Strengths) method [35, 36, 56, 66]. These results were
used to obtain the inelastic MFP for electrons in the three
materials within the dielectric formalism [37, 54, 56] and
using the Mott exchange factor [67] as discussed in more
detail in Appendix B.1. Similar calculations were reported
previously in Refs. [55, 68].
As discussed above the dielectric formalism loses accu-
racy for very low energy electrons. Furthermore, for water
and organic molecules, other inelastic channels in addition
to electronic interactions become increasingly important
at low energies. Among them vibrational excitations rep-
resent one of the main inelastic channels. Due to these
limitations for energies below ∼ 20 eV we rely on experi-
mental data for the inelastic MFP.
For gold our calculations agree rather well with exper-
imental data down to ∼ 16 eV (see Appendix B.1). Below
this energy we extended the calculated data with an inter-
polation of the very low energy experimental data [62, 64].
The solid line in Fig. 4 shows the compiled data from cal-
culations for higher energies and experimental data for
lower energies.
For water electronic excitations and ionizations out-
weigh vibrational interactions and become the main in-
elastic channel above ∼ 14 eV, where dielectric formal-
ism calculations are in reasonably good agreement with
experimental data for ice [61] (see Appendix B.1). For
lower energies, vibrational excitations dominate. To ac-
count for them we have taken recommended CSs for a
water molecule [50] and added them to the calculated elec-
tronic CSs in order to obtain the total inelastic MFP. The
result is the long-dashed line shown in Fig. 4, which agrees
well with the experimental inelastic MFP for ice at low en-
ergies [61].
For the coatings, since vibrational excitation data is
not available, we have assumed that their CSs are the same
as for water and we have followed the same procedure as
for water.
A more in-depth analysis of the calculations, their bench-
mark, and the use of experimental data for low energies is
provided in Appendix B.1.
2.3.2 Elastic scattering mean free paths
The calculation of elastic scattering CSs (and the corre-
sponding MFPs) for compounds at intermediate and high
energies is a relatively simple problem since atomic CSs
can be used to describe the target. This additivity approx-
imation for elastic CSs might not hold for LEEs, where
the electron wavelength becomes comparable to the in-
teratomic distances [69]. However, we demonstrate below
that this is a reasonable estimate to obtain λel.
The CSs for elastic scattering of electrons with atoms
can be calculated by solving the Dirac equation in a cen-
tral field (a method known as partial wave analysis) [39,
40]. This problem has been widely studied and there exist
sources for obtaining these CSs, both differential and in-
tegral, e.g. the NIST database [70] or the ELSEPA code
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Fig. 5. Elastic scattering mean free path λel of electrons in
liquid water, gold and two PEG coatings. Lines represent cal-
culations within relativistic partial wave analysis while symbols
are recommended data for water (see text for details) [50].
[40]. In this work, we have used the latter source since it
allows calculation of the CSs down to 10 eV and permits
one to include different ingredients in the interaction po-
tential which increases reliability of the calculations at low
energies.
We have calculated the elastic scattering MFP by in-
cluding the electrostatic, exchange, and polarization-corre-
lation potentials, as discussed in more detail in Appendix
B.2. The absorption potential was switched off since it ac-
counts for inelastic processes which are already considered
in the inelastic MFP. The results for gold, liquid water,
and the PEG coatings are shown in Fig. 5 together with
recommendations for water vapor (scaled to liquid water
density) based on a compilation of extensive experimen-
tal and theoretical data [50]. Data below 10 eV has been
extrapolated from the calculated curves. The calculated
values for water agree well with the recommended data
even for energies below 10 eV. Therefore, the use of the
atomic additivity rule for the elastic scattering CSs is jus-
tified. The MFPs λel for water and the PEG coatings are
quite similar. Regarding gold, its elastic MFP presents a
similar behavior at high energies, although being lower
due to its higher density. At energies below about 50 eV
λel for gold starts to grow, tending to converge with that
for liquid water and the coating at the energies of about
10− 30 eV.
The diffusion coefficients D and average lifetimes τ
based on the MFPs λinel and λel are presented in Table 2.
Further details on calculations and their benchmark are
given in Appendices B.1 and B.2.
2.4 Evaluation of the number of emitted electrons
In this work it is assumed that LEEs are produced as a re-
sult of collective electron excitations arising in the metal-
lic core of the NP [31]. Two main contributions are taken
into account, namely plasmon-type excitations of delocal-
ized valence electrons and excitations of 5d-electrons in
individual atoms of gold.
Table 2. The diffusion coefficient D (in nm2 fs−1) and average
lifetime τ (in fs) for 5 eV and 25 eV electrons in gold, the
coating medium formed with 32 and 60 PEG ligands, and in
pure water.
Material
Energy Quantity Gold PEG 32 PEG 60 Water
5 eV
D 0.011 0.020 0.018 0.020
τ 304 3.84 3.84 3.84
25 eV
D 0.11 0.12 0.11 0.13
τ 0.39 0.80 0.73 1.01
The production of electrons via the plasmon excitation
mechanism is quantified by relating the singly differential
ionization cross section dσpl/dE (where E stands for the
electron kinetic energy) to the probability of producing
Nple electrons with energy within the interval dE, emitted
from a segment dx:
d2Nple
dxdE
=
1
V
dσpl
dE
, (11)
where V is the volume occupied by the metal core. To
calculate this quantity the cross section dσpl/dE is rede-
fined as a function of the energy loss by the projectile,
∆ε = E+Ip, with Ip being the ionization threshold of the
target.
The contribution of plasmon excitations is described
by means of the plasmon resonance approximation (PRA)
[32, 71–73]. This methodology is briefly outlined below
while a more detailed explanation can be found, e.g., in [31,
32, 72, 73].
Within the PRA, the differential cross section dσpl/d∆ε
for a spherical NP is defined as a sum of the surface (s)
and the volume (v) plasmon terms,
dσpl
d∆ε
=
2π
p1p2
∫ qmax
qmin
q dq
(
d2σs
d∆ε dΩp2
+
d2σv
d∆ε dΩp2
)
(12)
which are constructed as a sum over different multipole
contributions corresponding to different values of the an-
gular momentum l. Here, ∆ε = ε1 − ε2 is the energy loss
of the incident projectile of energy ε1 while p1 and p2 are
the initial and the final momenta of the projectile respec-
tively, q = p1−p2 is the transferred momentum, and Ωp2
is its solid angle. Explicit expressions for the CSs enter-
ing Eq. (12) are presented in Ref. [73]. They are obtained
within the first Born approximation, which is applicable
since the considered collision velocity (vion ≈ 3.5 a.u for a
0.3 MeV/u ion) is significantly larger than the character-
istic velocity of delocalized electrons in gold NPs (vel ≈
0.5 a.u).
Figure 6 shows the number of electrons per unit length
per unit energy emitted via the plasmon excitation mecha-
nism from a “naked” AuNP of diameter 1.6 nm irradiated
with a 0.3 MeV/u carbon ion. The number of electrons
produced under 0.1 MeV/u and 1.0 MeV/u ion irradiation
is also shown for comparison. The figure shows that the
main contribution to the production of very LEEs comes
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emitted via the plasmon excitation mechanism from a AuNP of
diameter 1.6 nm irradiated by carbon ions of different energy
as indicated. For the 0.3 MeV/u case, dotted and dashed curves
show the contributions of the surface and the volume plasmons
respectively.
from the surface plasmon (dotted red curve), while the vol-
ume plasmon (short-dashed red curve) contributes to the
production of electrons of about 5 eV. Our earlier analy-
sis of LEE production by “naked” metallic NPs irradiated
with 0.1− 10 MeV protons showed that the contribution
of the surface plasmon mechanism becomes more promi-
nent at higher impact energies and smaller NP size. For
instance, in the case of NPs of 1 nm diameter the contri-
bution of the surface plasmon to the ionization CS, and
thus to the LEE yield, exceeds that of the volume plasmon
by an order of magnitude [30, 31].
The main contribution to the ionization CS due to
plasmons comes from the dipole excitation mode when
the characteristic collision distance between a projectile
and a metallic core largely exceeds the radius of the core,
vion/∆ε ≫ R [32, 33]. Here vion is the projectile velocity
and ∆ε is a characteristic energy transferred during the
collision. At large impact parameters the dipole contribu-
tion dominates over those of the higher multipoles, since
the dipole potential decreases slower at large distances
than the higher multipole potentials. For a 0.3 MeV/u ion
(with velocity of ∼ 3.5 a.u) and a characteristic energy
transfer of about 0.2 a.u. = 5 eV, the characteristic im-
pact parameter is approximately equal to 18 a.u. = 0.9 nm
and is slightly larger than the core radius R = 0.8 nm.
The corresponding geometry of the collision is schemati-
cally depicted in Figure 1. In this case the dipole (l = 1),
quadrupole (l = 2) and octupole (l = 3) plasmon exci-
tation modes make comparable contributions to the ion-
ization CS. The curves shown in Figure 6 account for the
contribution of the plasmon modes with l = 1, 2 and 3.
Integration of (11) over the kinetic energy of emitted
electrons gives the characteristic distance over which the
projectile ion should traverse to ionize the NP via the
plasmon excitation mechanism. For a 0.3 MeV/u ion this
distance is about 0.03 nm. This means that when the ion
has passed the 1.6 nm AuNP about 50 electrons are emit-
ted due to the plasmon excitations formed in the metallic
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Fig. 7. Number of electrons per unit length per unit energy
produced via the plasmon (solid curve) and the 5d excitation
mechanisms (dashed curve) in the 1.6 nm AuNP irradiated by
a 0.3 MeV/u C6+ ion. The dotted curve represents the number
of electrons generated along the equivalent segment of ion track
in water, calculated with the same methodology as outlined in
Ref. [38].
core. Decay of each plasmon excitation leads to emission
of an electron; therefore, multiple plasmons are consid-
ered as independent processes taking place during the ion
passage. For a 0.3 MeV/u ion (vion ≈ 3.5 a.u.) passing
along the NP with the radius R = 0.8 nm = 15.2 a.u. the
traversal will take the time 2R/vion ≈ 8.7 a.u. ≈ 0.21 fs,
which is comparable to the lifetime of the surface plas-
mon resonance. The lifetime of the plasmon resonance is
defined as its inverse width, τpl = 1/Γ = R/(3lvF), with
l being the angular momentum of the plasmon excitation
and vF the velocity of the NP valence electrons on the
Fermi surface [74, 75]. For the dipole mode (l = 1) and
for vF =
√
2Ip ≈ 0.65 a.u., an estimate for the lifetime
τpl gives 7.9 a.u. = 0.19 fs. Therefore, even though a large
number of electrons are emitted via the plasmon excitation
mechanism, most of them will not escape the NP during
the characteristic duration of the ion’s passage. Valence
electrons participating in the surface plasmon excitations
are localized on the surface and emitted from there but
the characteristic velocity of these electrons, v ≈ 0.4 a.u.,
is an order of magnitude smaller than the velocity of the
ion. This allows us to neglect the variation of the target
charge state during ion passage and assume that the pro-
jectile ion interacts with a neutral target.
We have also accounted for electron emission via the
collective electron excitations in individual atoms of a NP.
The number of electrons N5de with energy within the in-
terval dE, emitted from a segment dx produced via the
excitation of 5d electrons in individual gold atoms is de-
fined as
d2N5de
dxdE
= nt
dσ5d
dE
, (13)
where nt is the atomic number density of the target.
The corresponding cross section dσ5d/d∆ε (also rede-
fined as a function of energy transfer ∆ε) has been eval-
uated by means of an analytical expression which relates
the cross section of photoionization with that of inelastic
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scattering in the dipole approximation [30, 31]:
dσ5d
d∆ε
=
2Z2c
π∆ε v2ion
σγ(∆ε) ln
(
vion
∆εR5d
)
. (14)
Here, σγ(∆ε) is the photoionization cross section of the
5d electron shell in the atom of gold, R5d ≈ 2 a.u is
its characteristic radius and vion is the projectile velocity.
Equation (14), obtained within the “logarithmic approxi-
mation”, assumes that the main contribution to the cross
section dσ5d/d∆ε comes from the impact parameter val-
ues in the range R5d . r . vion/∆ε. Considering a typical
energy transfer associated with the 5d giant resonance,
∆ε ≈ 25 eV ≈ 1 a.u [30], this estimate for a 0.3 MeV/u-
ion results in r ≤ 0.25 nm. It suggests that the 5d collec-
tive electron excitations are formed in the atoms confined
within a 0.25 nm-radius cylinder from the ion’s path. This
distance is smaller than the nearest-neighbor distance in
bulk gold (d = 0.288 nm) and is comparable with that
in small AuN (N ≤ 20) clusters [76]. Therefore, only the
atoms located close to the ion’s path are excited via this
mechanism for a 0.3 MeV/u-ion. The number of electrons
per unit distance per unit energy, d2N5de /dxdE, was eval-
uated by averaging over different positions of the ion track
with respect to the metal core, ranging from a central col-
lision up to a glancing collision. This is done because the
effect manifests itself stronger at small impact parameters
r . vion/∆ε ≈ 3.5 a.u. Our estimate shows that for the
NP of diameter 1.6 nm which we consider as a case study
approximately 15 gold atoms will be excited.
Figure 7 shows the yield of electrons produced by a
“naked” 1.6 nm AuNP irradiated by a 0.3 MeV/u C6+
ion. The solid line shows the contribution of the plasmon
excitations while the dashed line presents the contribu-
tion from the atomic 5d giant resonance, evaluated using
Eqs. (11) and (13), respectively. These results are com-
pared with the number of electrons produced along the
equivalent segment of ion track in water, calculated using
the methodology of Ref. [38].
3 Results and discussion
For further analysis we quantified the number of electrons
emitted in the range 0 − 10 eV which are produced by
both collective electron excitation mechanisms as well as
the number of electrons emitted in the range 10 − 30 eV
which are mainly due to the excitation of 5d electrons in
individual atoms. We approximate the diffusion of these
electrons by considering them as two populations of elec-
trons with characteristic energies 5 eV and 25 eV respec-
tively. The corresponding diffusion coefficientsD and aver-
age lifetimes, τ , obtained from the compiled curves shown
in Figs. 4 and 5, are summarized in Table 2. The cal-
culated number densities of first-generation electrons for
both of these energies are presented in the following sec-
tion. In Section 3.2, we present the results related to the
second-generation of electrons resulting from the inelastic
collisions of first-generation electrons with an energy of
25 eV. First-generation electrons of energy 5 eV are be-
low the ionization potential of water and PEG, and thus
are not capable of producing the second generation in our
model. In Section 3.3, we analyze the radical production
resulting from the decay of first-generation electrons tak-
ing into account the water content of the coating. Finally,
Section 3.4 describes how variation of the projectile ion
energy and the coating composition affects the produc-
tion of electrons and OH radicals in the vicinity of the
coated gold NPs.
3.1 First-generation electrons
The number density n1(r, t) of 5 eV and 25 eV first-genera-
tion electrons emitted from the AuNP surface for the case
of NPEG = 32 is shown in Fig. 8 at various time instances.
As follows from the solution of Eq. (2), the electrons dif-
fuse away from the surface in both directions at a rate
given by the diffusion coefficients Di and Do. The 25 eV-
electrons have diffusion coefficients Di and Do about six
and ten times larger respectively than the 5 eV-electrons
which is evident by the faster broadening of the density. At
the same time, the number density of electrons diffusing
away from the surface decreases exponentially due to in-
elastic collisions. A relative difference in τ for PEG 32 and
PEG 60 of about a factor five leads to a significantly slower
attenuation of the 5 eV-electrons compared to the 25 eV-
electrons which have almost disappeared after 2 fs. This
attenuation is responsible for the formation of second-
generation electrons as discussed below. The slope of num-
ber density n1(r, t) changes when crossing the surface of
the NP core, which is clearly seen for 5 eV in the Fig. 8(a).
This can be explained by a very large difference in the
value of τ for gold and for PEG, see Table 2.
To quantify the number of electrons escaping the coat-
ing we calculated the fluence of electrons integrated over
the area of a sphere with radius r as a function of dis-
tance from the NP surface, as given by Eq. (10). The cal-
culations were performed for the PEG 32 and PEG 60
coatings as well as for the “naked” AuNP (i.e., with no
coating). The integral fluence evaluated at the end of the
coating for the two electron energies, 5 eV and 25 eV, is
presented in Table 3, where these numbers are normalized
to the case of no coating. In the case of the two coatings,
electrons in the denser PEG 60 coating have a lower diffu-
sion coefficient which ultimately leads to about 35% fewer
electrons reaching the end of the coating compared to the
PEG 32 coating. For 5 eV-electrons, there is no differ-
ence between PEG 32 coating and no coating because the
diffusion coefficient and average lifetime for the coating
was approximated as identical to those of water. For the
25 eV-electrons, however, there is a significant difference
between the diffusion coefficient and average lifetime of
electrons propagating through the coatings and in water.
This leads to a reduction in the number of electrons es-
caping the coating of about 47% and 65% for the PEG 32
and PEG 60 coatings, respectively. It should be stressed,
however, that in all cases the vast majority of the emitted
electrons experience an inelastic collision before reaching
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core.
the coating end with just about 1% of the electrons escap-
ing the coating through purely elastic diffusion.
Table 3. Integral fluence F (r) of first-generation electrons
evaluated at the end of the coating (r − R = 1.4 nm) for the
two coatings PEG 32 and PEG 60 as well as with no coating.
The fluence is normalized to the case of no coating.
Coating medium
Energy PEG 32 PEG 60 No coating
5 eV 1.0 0.65 1.0
25 eV 0.53 0.35 1.0
3.2 Second-generation electrons
For electrons with an initial energy of 25 eV each inelastic
collision leads to the production of two second-generation
electrons, as discussed above in Section 2. If we assume
the mean ionization energy for the valence bands of the
coating molecules of 15 eV then the remaining 10 eV after
the ionizing collision are split evenly, resulting in the for-
mation of two 5 eV second-generation electrons for each
inelastic collision in the coating layer — see Appendix B.1.
The number density of second-generation electrons
n2(r, t) in the coating layer is described by Eq. (9) with D
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Fig. 9. Number density of 5 eV second-generation electrons
n2(r, t) in PEG 32 versus distance from the NP surface for
various time instances.
and τ taken from Table 2. The corresponding results are
plotted in Fig. 9 at various time instances for the case of
PEG 32. Here we consider the contribution of the second-
generation electrons that have been formed in the coating
region and propagated outwards. Therefore Fig. 9 shows
the number density n2(r, t) as a function of radial dis-
tance from the NP surface. As described in Section 2.1 to
accurately account for the formation of second-generation
electrons within the metal core and their propagation to
the outside region, one must derive a Green’s function
which takes into account the propagation of electrons in
both the inside and the outside regions simultaneously.
Figure 9 illustrates that the density initially increases
with time as first-generation electrons undergo inelastic
collisions and decay into second-generation electrons. The
maximum is reached after about 0.5 fs, after which the de-
cay of second-generation electrons outweighs their genera-
tion. Unlike the first-generation electrons, those of the sec-
ond generation can have their origin anywhere in the coat-
ing layer provided a first-generation electron attenuated at
that point. This leads to a substantially more spread out
number density profile for the second-generation electrons
than that of the electrons emitted directly from the metal
core. The end result is a significant contribution to the
integral fluence in the coating as can be seen in Fig. 10.
It shows the fluence for the two generations as well as
their sum for PEG 32 in the upper panel and the sums for
PEG 32, PEG 60 and for no coating in the lower panel.
The integral fluence at the coating edge, r −R = 1.4 nm,
experiences around a three-fold increase when including
the second-generation of electrons in the case of the two
coatings. The number density of second-generation elec-
trons is maximum about 0.1 nm outside the NP core, as
seen is Fig 9. This means that there is a flux of electrons
towards the surface of the metal core which leads to a neg-
ative fluence for the second generation close to the core.
This is the reason why the sum of fluences of the first and
second generation is slightly lower than that of the first
generation alone.
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3.3 Production of hydroxyl radicals
As mentioned previously, free radicals are responsible for
the vast portion of biodamage produced by ionizing radi-
ation. It is therefore necessary to accurately predict the
number of radicals produced by secondary electrons emit-
ted from a coated NP.
When electrons of sufficient energy emitted from the
NP inelastically collide with the coating medium they will
decay and produce two second-generation electrons, as dis-
cussed in Section 2. If the colliding electrons have sufficient
energy to electronically excite/ionize water molecules (i.e.,
when their energy is greater than the energy gap in wa-
ter, Eg = 7 eV), the excited/ionized water molecule may
dissociate through different channels to produce an OH
radical [77, 78]. In the present analysis this means that
only first-generation electrons of 25 eV energy will result
in radical formation. LEEs with lower energies can also
contribute to the OH radical production, e.g., through the
process of dissociative electron attachment (DEA) [16].
This channel can, in principle, be included into the devel-
oped framework since the DEA cross sections for water
can be taken from experiments or ab initio calculations
[50, 79, 80]. However, as expected from measurements of
the cross section of DEA on water [50], the probability of
attachment is very small (< 10−4) [14]. Therefore, in the
present analysis we neglect this contribution as a first ap-
proximation. The products, if any, of inelastic collisions of
electrons with PEG molecules have not been studied and
it is not part of the present analysis.
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Fig. 11. Number density of radicals nOH(r) produced by in-
elastic decay of first-generation electrons of energy 25 eV in
the coating region for coatings PEG 32 and PEG 60 as well as
for no coating (“no coating” line has been scaled by 1/10).
As can be seen in Fig. 2, the amount of water in the
coating varies with distance from the NP boundary. We
include this effect by a probability factor α(r) of produc-
ing an OH radical in an inelastic collision given by the
relative mass ratio of water at the distance r from the
NP boundary, α(r) = ρH2O(r)/(ρH2O(r) + ρPEG(r)). The
production rate of OH radicals is then given by
∂nOH(r, t)
∂t
=
n1,E>Ip(r, t)
τ1,o
α(r) (15)
and the radical number density at a given time instance
is found by integrating Eq. (15) over time
nOH(r, t) =
∫ t
0
dt′
n1,E>Ip(r, t
′)
τ1,o
α(r). (16)
The integration is carried out from zero to about 5 fs,
which is the time instance at which all first-generation
electrons will have decayed (see Fig. 8). The number den-
sity of radicals nOH(r, t) is practically invariant with time
for the timescales concerned in this analysis because of
the much lower diffusion coefficient of OH radicals com-
pared with electrons [34]. We will therefore treat nOH as
dependent on r only, nOH(r, t) ≡ nOH(r). In Fig. 11, the
number density of radicals nOH(r) is plotted for the two
coatings PEG 32 and PEG 60 as well as for no coating.
The coating has a dramatic effect on the production of
radicals, especially for the PEG 60 coating. In both coat-
ings water is completely absent in the first 0.3 nm from
the surface of the NP while this is where most LEEs of the
first-generation decay (compare Figs. 2 and 8), leading to
a significantly reduced radical number density compared
to the case of a “naked” NP.
To evaluate the total number of OH radicals NNPOH pro-
duced due to secondary electrons emitted from the NP, the
integral of Eq. (16) over the extent of the coating region
(that is, from the NP boundary r = R to r = R + lcoat,
corresponding to the thickness of the coating layer lcoat)
is added to the integral fluence of electrons evaluated at
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the coating boundary F (R + lcoat):
NNPOH = F (R + lcoat) +
∫
dr 4πr2nOH(r). (17)
This can be done because all first-generation electrons of
energy 25 eV escaping the coating will eventually decay
and produce a radical (here we assume that the coating
region is surrounded by pure water). The second term on
the r.h.s. of (17) simply integrates the number density of
radicals already produced inside the coating.
In addition to the radicals produced due the secondary
electrons emitted from the NP surface, the ion will itself
ionize the medium along its track, as given by the ion-
ization CS for the medium. Here we calculate the num-
ber of OH radicals produced by the primary ion in the
coating medium using the ionization probabilities for wa-
ter molecules (evaluated following the method outlined in
[38]), due to the similarity of ionization CSs for the coat-
ing and for water. The ionization of the medium by an
ion results in hydrolysis of water molecules and emission
of electrons which may inelastically collide with other wa-
ter molecules and produce more radicals, similar to the
process for those electrons emitted from the NP surface.
The difference here is that ionization caused by the ion
directly produces OH radicals along with electrons as a
result of hydrolysis. To take into account the fact that the
water content of the coating varies with radial distance
from the NP surface, we calculated the mean distance of
the ion from the NP surface as it passes by the NP and
evaluated the relative water content along the track using
the parameter α(r) as defined above. As an illustration
we consider the case when the ion passes by the metal
core at a distance of 0.1 nm from its surface (see Fig-
ure 1). Given a coating thickness of 1.4 nm, one finds that
the length of the ion’s track through the coating region
is l = 4.0 nm and that the average radial distance to the
NP surface is r¯ = 0.6 nm. The average relative water con-
tent for an ion passing through the two PEG coatings can
then be evaluated at that distance as α¯PEG32 = 0.43 and
α¯PEG60 = 0.22. In the case of no coating, α¯ = 1.0 that
corresponds to pure water medium. To compare with the
production due to electrons emitted from the NP we con-
sider only those electrons produced with an energy up to
30 eV.
The number of radicals produced along the track in
the two cases is calculated as the sum of (i) the number
of ionization events produced by the primary ion and (ii)
those produced by the electrons which have sufficient en-
ergy to cause ionization, multiplied by the relative water
content:
N track,iOH = l
30 eV∫
Ip
dE
d2N tracke
dxdE
α¯i (18)
where i denotes one of the coating media (PEG 32, PEG 60)
or no coating. In this case we do not solve the diffusion
equation for the electrons emitted along the ion track but
assume that the electrons with energy higher than Ip pro-
Table 4. Ratio of the number of radicals produced in the vicin-
ity of coated (with 32 and 60 PEG molecules) and “naked” gold
NPs of diameter 1.6 nm to that produced by ions of different
energies traversing a similar distance in pure water. In the for-
mer case the radicals are produced due to inelastic decay of
first-generation electrons (E < 30 eV) emitted from the NP
and due to hydrolysis around the ion track.
Ion energy PEG 32 PEG 60 No coating Water
(MeV/u)
0.3 0.63 0.29 1.69 1
1.0 1.39 0.66 3.0 1
5.0 6.5 3.2 20.0 1
10.0 9.0 4.1 28.5 1
duce OH radicals when decaying on average as given by
α¯i.
The radical yields for the different coating media nor-
malized to that of pure water medium are summarized in
Table 4. For a 0.3 MeV/u C6+ ion irradiation the rad-
ical production is substantially reduced in the presence
of a coating. In this case the ratio of number of radicals
produced near the NP to that produced in pure water is
smaller than one for both coatings studied. The denser
PEG 60 coating produces less than a third of the radi-
cals produced in pure water. The main difference between
the two coatings is that the increased number of PEG lig-
ands in PEG 60 leads to a larger volume devoid of water
molecules close to the NP surface. In the case of no coating
there is a 70% enhancement of the radical yield produced
by LEEs which illustrates the importance of the coating
being permeable to water.
As seen in Fig. 8, most first-generation electrons de-
cay within the first 0.4 nm outside the NP boundary, so
to maximize radical yield it is critical that water should
be present in this region. A similar conclusion was made
by Gilles and coworkers [27] who experimentally demon-
strated a decrease of OH radical yield with increasing
coating density. According to those results, the OH radi-
cal yield plateaued at a six-fold decrease for PEG-coated
AuNPs compared to “naked” AuNPs. The authors pro-
posed that the number of PEG molecules in the coating,
not the coating thickness, is the main factor for the radical
yield decrease, in part due to a reduced water content for
increasingly dense coatings. Gilles et al. considered two
PEG coatings of similar thickness (2.3 nm vs. 1.9 nm)
and coating surface density (2.7 nm−2 vs. 1.9 nm−2) but
with different molecular weight of the PEG molecules that
made up the coating (1000 Da vs. 4000 Da). It was con-
cluded that the four times greater density of PEG in the
latter case is the cause of the suppressed radical produc-
tion. It should be stressed, however, that the experimental
conditions in Ref. [27] were different from the simulated
ones in the present study: The size of experimentally stud-
ied AuNP core was about 32 nm in diameter and the PEG
molecules were between 4 and 16 times longer than those
considered in our study. Apart from that, the experiments
were performed with 17.5 keV X-rays irradiation while the
present analysis is performed for ion irradiation. The fact
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that similar conclusions were reached may indicate that
the effect of reduced radical yield for PEG-coated AuNPs
has a general nature and is not restricted to any particu-
lar system size or radiation modality but depends on the
water content of the coating. Our results emphasize also
the significance of LEEs in the formation of the yield of
OH radicals.
Finally, let us mention that emission of more energetic
δ-electrons (e.g., with energies of about 100 eV and higher)
from a metal NP should lead to an additional production
of radicals in its proximity. In this case one may expect
an increase in the radical yield compared to pure water
medium even at the Bragg peak energies. This can be ex-
plained by the large difference of ionization CSs for gold
and for water and hence by the higher probabilities of
emission of more energetic electrons. This difference can
be estimated as the ratio of the energy-loss functions for
gold and for water which is about 10 for the transferred
energy of 100 eV and even larger for larger energy trans-
fers.
Energetic δ-electrons are characterized by large ranges
in matter. For example, electrons with energy of 100 eV
propagating in gold and in liquid water have a range of
about 3 nm and 5 nm respectively, and the ranges for more
energetic electrons are even longer [81, 82]. This means
that δ-electrons emitted from a few nanometer-size NPs
to a great extend will penetrate the coating and produce
OH radicals in the surrounding water medium. The above
mentioned ranges in water are significantly larger than the
coating thickness considered in this work (lcoat = 1.4 nm).
Let us consider, as an estimate, that a typical δ-electron
can be represented as a 100-eV electron. Such an elec-
tron emitted from the core will cross the coating and will
produce about 7 OH radicals by ionization of the water
medium surrounding the NP until it becomes a solvated
electron. Since the number of δ-electrons emitted from the
core into the surrounding water medium is an order of
magnitude larger than that produced in pure water, there
will be, at least, an order of magnitude increase in the
radical yield around the NP when such more energetic
electrons are taken into account. Here we include this es-
timate for completeness while a more elaborated analysis
of the contribution of δ-electrons will be performed in a
future work.
3.4 Production of electrons and radicals at different
projectile energies and coating compositions
As demonstrated in the previous section for irradiation
with a 0.3 MeV/u C6+ ion, the OH radical yield produced
after the interaction of LEEs (E < 30 eV) with water
molecules for the two considered coatings, PEG 32 and
PEG 60, is smaller than that in pure water. In this section
we explore how the variation of coating composition and
the kinematics of ion impact influence the production of
LEEs and free radicals and thus the ability of the AuNP
to act as a radiosensitizing agent.
We start by analyzing the radical yield (relative to that
in pure water) for different ion energies in the range 0.3
0
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Fig. 12. Relative increase of the radical yield (as compared
to pure water) versus the projectile ion energy for PEG 32
and PEG 60 coating medium as well as for no coating. The
horizontal line shows the case when the radical yield around
the NP is equal to that in pure water. Lines connecting the
points are meant only to guide the eye.
to 10 MeV/u. These results are presented in Table 4 and
shown in Fig. 12. It was shown in Ref. [31] that at large
collision velocities the ionization CS of gold clusters due to
plasmon excitations and hence their contribution to LEE
production decrease. The cross section of ionization due
to 5d excitations, Eq. (14), is maximum at the projectile
energy or about 0.3 MeV/u and decreases at higher ener-
gies due to the 1/v2ion term. The ionization cross section
for water behaves similarly. As a result, when a NP is ir-
radiated by an ion with an energy exceeding that in the
Bragg peak region in water, the number of electrons emit-
ted from the NP will be larger than that produced by the
same ion traversing water medium. This leads to a sig-
nificant increase in the number of OH radicals generated
around the NP as compared with pure water (see Fig. 12).
Next, we illustrate the effect of the water content within
the coating. The coating is approximated as a homoge-
neous material with an average relative water content α¯
defined in the same way as above. We calculated the radi-
cal production in the coating region using Eqs. (16) and (17)
but substituted α(r) with an average relative water con-
tent α¯. In this case we used the number density n1(r, t) cal-
culated for the case of no coating. This assumption should
not impact the results since the number density profiles
are similar for all the studied coating media. To this we
added the contribution from radicals produced due to ion-
ization along the ion track calculated using Eq. (18) while
αi was substituted also with α¯. The results are shown
in Fig. 13. Approximating the coating region as a homo-
geneous material with an average water content leads to
an enhanced production of radicals as compared to pure
water, due to the presence of water molecules at the NP
surface which are lacking when considering the realistic
coating.
For the ion energy corresponding to the Bragg peak
in water, the increase in the radical yield varies from 1.2
to 1.7 when the water content varies from 0.2 to 1.0. The
moderate (20% to 70%) increase of the radical yield re-
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Fig. 13. Relative increase of the radical yield versus average
water content of the coating region assuming a homogeneous
material calculated for different ion energies. The horizontal
line shows the case when the radical yield around the NP is
equal to that in pure water.
flects that the fact that the production of radicals in pure
water is high at such ion energies. At higher energies the
radical yield drastically increases as illustrated in Fig. 13.
For a 10 MeV/u ion the enhancement factor is 7.5 even
for an average water content α¯ = 0.2. This clearly demon-
strates that for an efficient OH radical production due to
LEEs emitted from the NP, having water present at the
surface of the NP is more important than the total aver-
age water content. At higher ion energies there is a 4-fold
increase in the radical yield due to an increase of the av-
erage water content. Thus the coating composition and
especially its permeability to water molecules should be
carefully considered when designing coated radiosensitiz-
ing NPs.
4 Conclusion
In this work we have presented a coherent theoretical
framework for studying the transport of secondary elec-
trons emitted from coated metallic nanoparticles (NPs)
embedded in water medium and irradiated by ions. Know-
ing the fluence of emitted electrons allows the yield of OH
radicals created around the NP to be calculated.
Several theoretical and computational methods have
been combined into a single framework: (i) the number
of electrons emitted from the metallic core of a NP due
to collective electron excitations as a result of ion irradia-
tion was evaluated analytically by means of the plasmon
resonance approximation; (ii) information on the NP core
and the coating structure was obtained from molecular dy-
namics simulations, (iii) the elastic and inelastic scattering
cross sections between electrons and the coating material
were evaluated by means of relativistic partial-wave analy-
sis and the dielectric formalism, and finally (iv) the trans-
port of electrons emitted from the NP core through the
coating was described by means of a diffusion equation-
based approach.
The methodology presented in this work is general and
can be applied for NPs of different size and coating thick-
ness as well as for different chemical compositions of a core
and a coating. It allows the yield of OH radicals around
the NP to be evaluated and the radical yield to be ana-
lyzed as a function of projectile ion energy and at differ-
ent parameters of the coating. Outcomes of such analysis
can be compared with experimental data and results of
Monte Carlo simulations. The present formalism comple-
ments the Monte Carlo approach by accounting for the
important low-energy and many-body phenomena such as
collective electron excitations in the metallic core.
As a case study we applied the developed formalism
to study OH radical production around an Au@PEG NP
with the core diameter of 1.6 nm and the coating thickness
of 1.4 nm. We found that nearly every low-energy elec-
tron emitted from the NP core due to collective electron
excitations undergoes an inelastic collision in the coating
region. Due to a low content of water molecules near the
NP surface, the number of radicals produced in the coat-
ing due to these inelastic collisions is significantly smaller
as compared to a “naked” AuNP of the same size.
We also analyzed the OH radical yield as a function of
ion impact energy and as a function of the average water
content in the coating region. It was shown that the yields
of low-energy electrons and free radicals at ion energies of
5 and 10 MeV/u are significantly larger than those in the
Bragg peak region in water (0.3 MeV/u).
It was demonstrated that the presence of water at the
NP surface is an important factor for efficient radical yield
enhancement. To maximize the radical yield due to LEE
emission from coated metal NPs, it is therefore recom-
mended to apply the least dense and/or most hydrophilic
coating possible thereby allowing an increased water den-
sity at the NP surface.
A more systematic analysis exploring NPs and ions
in a wider parameter space and including the production
of more energetic electrons will be continued in our future
work with the aim to explore further physical mechanisms
underlying radiosensitization by NPs for therapeutic ap-
plications with ion beams. We expect the present model
to be of great importance for this purpose, owing to the
generality of the developed methodology.
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A Calculations of the electron number
density
A.1 Analytic solution of the diffusion equation
Let us consider the diffusion equation for a spherically
symmetric source:
∂n(r, t)
∂t
= D
1
r2
∂
∂r
(
r2
∂n(r, t)
∂r
)
− n(r, t)
τ
, (19)
and seek the solution of this equation in the form
n(r, t) = n˜(r, t) e−t/τ . (20)
Substituting this solution into Eq. (19) one gets
∂n˜(r, t)
∂t
= D
1
r2
∂
∂r
(
r2
∂n˜(r, t)
∂r
)
. (21)
Let us now present the desired number density as n˜(r, t) =
ξ(r, t)/r. After this substitution Eq. (21) transforms into
∂ξ(r, t)
∂t
= D
∂2ξ(r, t)
∂r2
, (22)
which we can solve by representing ξ(r, t) as an inverse
Laplace transform defined as
ξ(r, t) =
1
2πi
∫ σ+i∞
σ−i∞
ds est ξ˜(r, s) . (23)
The partial differential equation (22) can then be trans-
formed into an ordinary differential equation
s ξ˜(r, s) = D
∂2ξ˜(r, s)
∂r2
, (24)
whose solution reads as
ξ˜(r, s) = C1 e
−
√
s/D r + C2 e
√
s/D r , (25)
where the constants C1 and C2 should be found using
the initial and boundary conditions at the surface of the
metallic sphere. Substituting Eq. (25) into Eq. (23) yields
ξ(r, t) =
C1
2πi
∫ σ+i∞
σ−i∞
ds est−
√
s/D r
+
C2
2πi
∫ σ+i∞
σ−i∞
ds est+
√
s/D r . (26)
Now let us take into account that the electrons emitted
from the surface with the radius R can travel in both the
inner (“<”) and the outer (“>”) regions. Then,
ξ(r, t) =
1
2πi
∫ σ+i∞
σ−i∞
dsC−< (s)e
st−
√
s/D rH(R− r)
+
1
2πi
∫ σ+i∞
σ−i∞
dsC+<(s)e
st+
√
s/D rH(R − r)
+
1
2πi
∫ σ+i∞
σ−i∞
dsC−> (s)e
st−
√
s/D rH(r −R)
+
1
2πi
∫ σ+i∞
σ−i∞
dsC+>(s)e
st+
√
s/D rH(r −R) ,
(27)
where H(x) is the Heaviside step function. The first two
terms on the r.h.s. of Eq. (27) describe the part of the
space occupied by the metallic core (0 < r < R) while
the latter two terms describe the outer space (r > R).
The constant C+> (s) in the latter term on the r.h.s. can
immediately be set to zero in order to avoid an exponential
growth of ξ(r, t) as r →∞.
The number density n˜(r, t), as well as the function
ξ(r, t), should be continuous functions at the radius of the
metallic core r = R:
n˜(r, t)r→R
−
= n˜(r, t)r→R+ , (28)
ξ(r, t)r→R
−
= ξ(r, t)r→R+ ,
which implies the following relation
C−< (s)e
−
√
s/DR + C+< (s)e
√
s/DR = C−> (s)e
−
√
s/DR .
After performing the following substitutions
C−< (s) = C˜
−
< (s) e
−
√
s/DR ,
C+<(s) = C˜
+
< (s) e
−
√
s/DR ,
C−> (s) = C˜
−
> (s) e
√
s/DR (29)
and carrying out some algebraic transformation the fol-
lowing relationship is derived
C˜−> (s) = C˜
−
< (s)
[
e−2
√
s/DR − 1
]
. (30)
In what follows, we denote C˜−< (s) ≡ C(s) for the sake
of simplicity. Then, Eq. (27) for ξ(r, t) transforms into
ξ(r, t) =
1
2πi
∫ σ+i∞
σ−i∞
dsC(s)H(R− r) est
×
(
e−
√
s/D (r+R) − e
√
s/D (r−R)
)
+
1
2πi
∫ σ+i∞
σ−i∞
dsC(s)H(r −R) est
×
(
e−
√
s/D (r+R) − e−
√
s/D (r−R)
)
, (31)
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which can be further transformed to
ξ(r, t) =
1
2πi
∫ σ+i∞
σ−i∞
dsC(s) est
×
(
e−
√
s/D (r+R) − e−
√
s/D |r−R|
)
. (32)
The constant C(s) should be negative to assure that the
function ξ(r, t) > 0. Let us then redefine this constant,
C(s) ≡ −C(s) > 0, so that
ξ(r, t) =
1
2πi
∫ σ+i∞
σ−i∞
dsC(s) est
×
(
e−
√
s/D |r−R| − e−
√
s/D (r+R)
)
, (33)
and C(s) > 0 for any r > 0. This constant can be deter-
mined from the initial condition that all Ne electrons are
emitted simultaneously at the time instance t = 0:
NeH(t) =
∫ ∞
0
n˜(r, t) 4πr2 dr =
∫ ∞
0
ξ(r, t) 4πr dr
=
1
2πi
∫ σ+i∞
σ−i∞
dsC(s) est
× 4π
∫ ∞
0
dr r
(
e−
√
s/D |r−R| − e−
√
s/D (r+R)
)
.
(34)
To calculate the latter integral, let us present it as a sum
of two integrals,
∫ R
0 and
∫∞
R , because each of them can
be solved analytically. After carrying out some algebraic
transformations, one obtains
NeH(t) =
4R
√
D
i
∫ σ+i∞
σ−i∞
ds est
C0
s
, (35)
where the substitution C0 =
√
sC(s) has been made. The
constant C0 can be calculated by carrying out a contour
integration in the complex plane so that the point of sin-
gularity, s = 0, lies outside the contour. As a result, one
gets
C0 =
Ne
8πR
√
D
, (36)
and the expression for ξ(r, t) transforms into
ξ(r, t) =
Ne
16π2iR
√
D
∫ σ+i∞
σ−i∞
ds
est√
s
×
(
e−
√
s/D |r−R| − e−
√
s/D (r+R)
)
. (37)
The integration of the r.h.s. of (37) gives ξ(r, t) and, fi-
nally, n˜(r, t) = ξ(r, t)/r is given by,
n˜(r, t) =
Ne
8π3/2Rr
√
Dt
[
e−(r−R)
2/4Dt − e−(r+R)2/4Dt
]
.
(38)
This is the solution of the diffusion equation given by
Eq. (21). Equation (5) is then obtained by multiplying
this solution by an exponential factor exp(−t/τ) due to
attenuation of the emitted electrons.
A.2 Accounting for the two different media
Let us now assume that the electrons propagate inside
the metallic core of the NP (0 < r < R) and in the outer
region (r ≥ R) with the diffusion coefficients Di and Do
respectively and that the corresponding electron lifetimes
are given by τi and τo. One can write then the inverse
Laplace transform for the each region as
ξ˜i(r, s) = C1i e
−
√
(s+γi)/Di (r−R)
+ C2i e
√
(s+γi)/Di (r−R) , 0 < r < R
ξ˜o(r, s) = C1o e
−
√
(s+γo)/Do (r−R)
+ C2o e
√
(s+γo)/Do (r−R) , r ≥ R (39)
where γi,o = 1/τi,o, respectively.
Accounting for the boundary conditions the following
expressions are obtained:
ξ˜i(r, s) = C2i
[
e
√
(s+γi)/Di (r−R)
− e−
√
(s+γi)/Di (r+R)
]
0 < r < R
ξ˜o(r, s) = C2i
[
e−
√
(s+γo)/Do (r−R)
− e−2
√
(s+γi)/Di R−
√
(s+γo)/Do (r−R)
]
r ≥ R .
(40)
The coefficient C2i can be found from the following nor-
malization condition which explicitly includes that some
fraction of electrons has been attenuated:
∫ R
0
4πr
[
1 +
γi
s
]
ξ˜i(r, s) dr
+
∫ ∞
R
4πr
[
1 +
γo
s
]
ξ˜o(r, s) dr =
Ne
s
. (41)
If we denote the first integral as Ii and the second integral
as Io, we then have the equation
C2i (Ii + Io) =
Ne
s
. (42)
The solution of this equation gives us an expression for
C2i:
C2i =
Ne
s(A+B)
, (43)
where
A =
4π
s
[
1− e−2R
√
(s+γi)/Di
] (
R
√
Do(s+ γo) +Do
)
,
B =
4πDi
s
[
R
√
s+ γi
Di
− 1
+ e−2R
√
(s+γi)/Di
(
R
√
s+ γi
Di
+ 1
)]
. (44)
Setting γi = γo and Di = Do, i.e. considering the dif-
fusion in a homogeneous medium, allows for an analytical
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inverse Laplace transform of Eq. (40) and yields the same
shape as the analytical result for the homogeneous case.
In the general, inhomogeneous case, one has to do the
inverse Laplace transform numerically. This was done with
Mathematica using the Fixed-Talbot algorithm2 as de-
scribed in Ref. [83].
B Calculation of electron interaction mean
free paths
B.1 Dielectric formalism calculations for inelastic cross
sections
For electrons with sufficient energy the dielectric formal-
ism can be used to obtain the relevant electronic inter-
action quantities [51, 52]. The inverse inelastic mean free
path (IMFP) can be calculated as [37]:
Λ(E) =
1
λinel(E)
(45)
=
∫ ∆ε+
∆ε
−
∫ q+
q
−
fex
e2
π~
m
E
1
q
Im
[ −1
ǫ(∆ε, q)
]
dq d∆ε,
where the integration limits are set by energy and momen-
tum conservation [55, 84]. In the above equation E is the
electron kinetic energy, ~ is the reduced Planck’s constant,
and e is the fundamental charge. The exchange factor fex
accounts for the indistinguishability of the incident and
the emitted electrons and usually has a noticeable influ-
ence for energies below about 300 eV. The target is charac-
terized by its energy-loss function (ELF), Im[−1/ǫ(∆ε, q)],
related to the complex dielectric function ǫ(∆ε, q) which
represents its electronic excitation spectrum.
The optical ELF (q = 0) of liquid water and gold are
taken from experimental data [59, 60] while the optical
ELF of the PEG coating was calculated by using an em-
pirical parameterization for organic materials [58]. Based
on the available experimental data for organic targets and
realizing the similarities between them (that is, a main
single excitation around 20 eV), Tan et al. suggested the
representation of an ELF by a single Drude-type func-
tion [58]. Its parameters, namely the position, intensity
and width of the main excitation, can be obtained as a
function of the mean atomic number of the target 〈Zt〉,
that is, the number of electrons per formula divided by
the number of atoms [58]. This approach has been shown
to provide reasonable predictions of the optical ELF of
arbitrary biological materials [38, 58, 85].
The optical ELFs of the target materials have been
extended to the whole energy and momentum plane (the
Bethe surface), following Garcia-Molina, Abril et al., by
means of the MELF-GOS (Mermin Energy-Loss Function–
Generalized Oscillator Strengths) method [35, 36, 56, 66].
It uses Mermin functions to describe the outer-shell elec-
trons and hydrogenic GOS to describe the inner-shells
2 A Mathematica package is available at
http://library.wolfram.com/infocenter/MathSource/5026/
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Fig. 14. Inelastic mean free path λinel of electrons in (a) liq-
uid water and (b) gold. Lines represent calculations within the
dielectric formalism at different levels of approximation while
symbols are experimental data for ice [61] and gold [62–65].
of atomic character. This method has demonstrated its
ability to properly reproduce the experimental Bethe sur-
face of liquid water [86] and to produce accurate elec-
tronic cross sections for a wide variety of target mate-
rials [36, 38, 57, 66]. It also fulfills a series of physical
constraints unlike simpler dispersion algorithms [87]. This
methodology was applied previously for the calculation of
electron MFPs in organic materials and metals [55, 68].
The projectile electron is characterized by its kinetic
energy E and by the exchange factor fex, accounting for
the primary and secondary electron indistinguishability.
In this work we have used the Mott exchange factor [67].
Calculations are benchmarked against experimental da-
ta and other models in Fig. 14. First let us analyze the ef-
fect of the exchange. The Mott factor increases the inelas-
tic MFP, improving the agreement between the calcula-
tions for liquid water and the experiments for ice [61]. The
same happens for the calculations for gold and the experi-
mental data from [65]. At low energies, around 16 eV, the
calculations corrected for exchange are still within the ex-
perimental uncertainties of the data from [64]. A more so-
phisticated calculation for liquid water where second Born
order corrections are included [45] is also shown. For elec-
tron energies around and below about 100 eV the second
Born order corrections should, in principle, be included to
use the dielectric formalism accurately [45]. However, the
impact of this correction on the liquid water MFP seems to
be relatively small. This fact has been observed for other
materials [88–90]. Indeed, Lindhard [51] and Ritchie [91]
pointed out that the first Born approximation might work
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Fig. 15. Average energy 〈E2〉 of the electrons ejected by elec-
tron impact in liquid water versus projectile energy E1. The
dashed line represents the dielectric formalism calculations,
while the solid line is the result of the equipartition approxi-
mation. See the text for further details.
well for calculating the MFP at any electron velocity. This
is due to the fact that the relative velocity of an incident
electron to a representative electron in the outer shells of
the target is always large enough regardless of how small
the incident electron velocity is and due to the screening
of the projectile Coulomb field by the polarization of the
target electron gas at low velocities.
Dielectric formalism calculations for both liquid wa-
ter and gold begin to depart from experimental data at
low energies, E ≤ 16 eV. For gold this might be mainly
related to the limitations of the dielectric model but for
water, apart from these intrinsic limitations, other excita-
tion channels become dominant at low energies. The dot-
ted line in Fig. 14 shows the vibrational MFP calculated
using the vibrational cross sections for the water molecule
recommended by Itikawa and Mason [50] on the base of a
comprehensive compilation of experimental and theoreti-
cal data. It can be seen that the decrease of the experi-
mental inelastic MFP for water [61] around 4 eV perfectly
agrees with the minimum of the vibrational MFP, con-
firming that this inelastic channel becomes dominant at
low energies. In this work we have summed the calculated
electronic cross sections and the recommended vibrational
cross sections in order to obtain an inelastic MFP which
extends over a wide energy range. The result is the long-
dashed line shown in Fig. 4. For gold, due to the model
uncertainties at low energies, we decided to make an inter-
polation of experimental data for E ≤ 16 eV while using
calculated data for larger energies.
Finally, the dielectric formalism can be extended to
yield the energy spectrum and total ionization cross sec-
tions of biomaterials impacted by fast ions and electrons
[38, 84, 85] by introducing a mean binding energy for the
outer shell electrons 〈B〉 so the energy of the ejected elec-
trons is given by E2 = ∆ε − 〈B〉. By using this method-
ology and using 〈B〉 = 15 eV and the Mott exchange we
have calculated the average energy of electrons produced
by electron impact in liquid water, as explained elsewhere
[84, 85], in order to determine the energy of the electrons
of the second generation. In Fig. 15 the current results
(dashed line) are compared to the approximation consid-
ered in Ref. [34] (solid line) where the remaining energy af-
ter the electron ejection is equally distributed between the
primary and the secondary electron. It can be seen that
this approximation is valid below 100 eV. Below 15 eV it
is not possible to produce the second generation of elec-
trons, since these energies are below the assumed mean
ionization energy. It should be noted that, although the
present results are for liquid water, the calculation of 〈E2〉
is not very sensitive to the composition of the biological
target [85] and should therefore be valid for the present
analysis.
B.2 Partial wave analysis calculations for elastic cross
sections
The scattering of electrons by atoms can be described by
a central potential of the form [39, 40]:
V (r) = Vst(r) + Vex(r) + Vcp(r) − iWabs(r) , (46)
where Vst(r), Vex(r), and Vcp(r) are the electrostatic, ex-
change, and correlation-polarization potentials, respective-
ly, and Wabs(r) is the magnitude of the imaginary ab-
sorption potential. The electrostatic potential represents
the pure Coulomb interaction while Vex(r) accounts for
the electron indistinguishability and Vcp(r) accounts for
electron correlation and induced polarization of the atom
electron cloud. The absorption term accounts for the loss
of electrons from the elastic channel due to inelastic colli-
sions. This latter term is needed to reproduce experimen-
tal data in which the inelastic collisions are unavoidable.
The fact that the potential is spherical allows atom to
be described using the direct scattering and the spin-flip
scattering amplitudes which depend on the polar scatter-
ing angle θ as determined from the large-r behavior of
the Dirac distorted plane waves, i.e. the solutions of the
Dirac equation for the central potential V (r) that behave
asymptotically as a plane wave [39, 40]. The scattering
amplitudes can be found by partial-wave expansion and
then the differential elastic cross section (DCS) can be
calculated as well the total elastic cross section (and the
inverse mean free path) by integrating the DCS over the
scattering angle.
We have used the code ELSEPA [40] to obtain the elas-
tic cross sections. ELSEPA allows cross sections to be cal-
culated down to incident electron energies of 10 eV. In gen-
eral the electrostatic and exchange terms are the dominant
components of the potential, although the correlation-pola-
rization term becomes very important at low electron en-
ergies, as shown below. For the present calculations we
have used, for each interaction, the potentials recommend-
ed by [40]. The electrostatic contribution is calculated
by accounting for the nucleus charge distribution by a
Fermi distribution, while the electronic structure is ob-
tained from numerical Dirac-Fock distribution read from
the database file. The Furness-McCarthy potential is used
for the exchange contribution. For the correlation-polariza-
tion the local density approximation (LDA) is used for
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Fig. 16. Elastic mean free path λel of electrons in liquid wa-
ter and gold. Lines represent partial wave analysis calculations
with several contributions from Eq. (46) while symbols are rec-
ommended data for water (scaled to liquid water density) [50].
electron correlation together with an asymptotic poten-
tial for polarization by distant collisions. The absorption
term can be also taken into account within the LDA [40].
To test the code we have performed calculations of dif-
ferential elastic cross section (DCS, angular distribution)
for low-energy electrons scattered by water molecules and
Hg atoms. The latter case is the situation we found in the
literature closest to our present problem of LEEs collid-
ing with heavy atoms, such as gold, where experimental
data is available [92, 93]. Experimental information is also
available for water [94]. We find that elastic cross sections
are strongly affected by the inclusion of the polarization
potential. We also included the absorption potential for
these tests, since it is needed to reproduce the experi-
mental results, where the loss of electrons from the elastic
channel is unavoidable. The general trends of the DCS are
in fair agreement with the experimental data.
Figure 16 shows the calculated elastic MFP for elec-
trons in liquid water and gold. Dashed lines represent cal-
culations where only the electrostatic and exchange po-
tentials have been included (basic ELSEPA calculation),
while solid lines also include the correlation-polarization
potential and dotted lines include the absorption contri-
bution. Symbols are the recommended values for water
given by [50], based on an extensive compilation of exper-
imental and theoretical data. The values for water vapor
have been scaled to liquid water density. As can be seen,
the correlation-polarization potential has a great impact
at low energies, especially for gold. If not included the
gold MFP is much lower than for water at high energies,
while it becomes larger at low energies. However, the in-
clusion of the correlation-polarization potential makes the
gold MFP converge with that of water at low energies.
The results for water are in fairly good agreement with
the recommended values from Ref. [50]. As expected the
inclusion of the absorption potential slightly increases the
agreement, since loss of electrons from the elastic channel
by inelastic interactions is impossible to avoid in experi-
ments. Both for gold and for water the absorption slightly
increases the absolute values of the MFP, although the
general shape is not modified. We stress that, for feeding
the diffusion equation, we do not include the absorption
term in the elastic MFP calculation but inelastic interac-
tions are already included in the inelastic MFP, so only
elastic interactions should be included in the elastic MFP.
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